INTRODUCTION
============

Cilia are organelles that emanate from the surface of most mammalian cell types and take on motile and nonmotile forms. Both forms are based on an axoneme of nine outer doublet microtubules nucleated from a centriolar structure termed the basal body and share a kinesin- and dynein-mediated intraflagellar transport (IFT) system for their biogenesis ([@B60]). Motile cilia generate movement or flow using specialized axonemal structures that conform to a regular arrangement along microtubules believed to be dictated by the protofilament ribbon---a structure situated at the junction between the A- and B-tubules of outer doublet microtubules ([@B44]; [@B43]). Loss of protofilament ribbon--associated proteins impairs ciliary motility in several organisms ([@B45]; [@B65]; [@B16]; [@B62]; [@B69]), but possible roles in nonmotile cilia have not been investigated.

Nonmotile (primary) cilia function as signaling centers specialized for the cells on which they are found (Oh and [@B46]), and several signaling pathways, including the highly conserved insulin/insulin-like growth factor (IGF) signaling pathway ([@B3]; [@B74]; [@B72]), depend on their proper functioning ([@B14]; [@B19]; [@B53]; [@B39]; [@B32]). Nematode cilia are found exclusively in a subset of sensory neurons (60 neurons in total), where they modulate physiology, development, longevity, and most behaviors (reviewed in [@B3]; [@B17]; [@B7]; [@B29]; [@B6]). Of note, mutants with truncated cilia display increased longevity relative to wild-type animals, which has been attributed to anomalies in sensory perception ([@B3]). The current model for longevity control in *Caenorhabditis elegans* posits that activating the insulin/IGF-1 receptor (DAF-2) triggers a phosphorylation cascade that inhibits several transcription factors, including the forkhead box transcription factor (FOXO) DAF-16, which is required for lifespan extension ([@B35]).

*C. elegans* possesses only nonmotile cilia and therefore generally lacks motility-associated ciliary genes, but, of interest, it encodes orthologues of protofilament ribbon--associated proteins. In this work, we studied parkin coregulated gene (PACRG), a highly conserved ciliary protein ([@B5]; [@B42]; [@B34]; [@B49]; [@B59]) that binds microtubules ([@B25]) and associates with the protofilament ribbon ([@B28]), with known ciliary roles restricted to motility ([@B45]; [@B16]; [@B69]; [@B66]). Given that a PACRG orthologue exists in *C. elegans* (PCRG-1) and that PACRG is present in mammalian neurons ([@B13]) that harbor only nonmotile cilia, we hypothesized that it has cilium-associated sensory/signaling functions previously masked by its role in ciliary motility. The absence of motile cilia in *C. elegans* makes it possible to test the role of PACRG in signaling independent of its function in ciliary motility.

Here we ascribe cilium-associated sensory/signaling roles to *C. elegans* PCRG-1. Instead of being a ubiquitous ciliary component, we find that it functions in a small subset of ciliated sensory neurons and takes on specific signaling roles. Specifically, loss of *pcrg-1* results in altered gustatory plasticity, a learning behavior mediated by ASE neurons. We also find that PCRG-1 promotes longevity, acting upstream of the lifespan-promoting FOXO transcription factor DAF-16 and likely upstream of insulin/IGF signaling. Our findings provide the first evidence that the evolutionarily conserved ciliary protein PACRG linked to ciliary motility has sensory/signaling functions within the context of metazoan, nonmotile cilia. Our work also suggests further examples of ciliary motility--signaling connections. We show that the *C. elegans* orthologue of EF-hand containing 1 (EFHC1), a core protofilament ribbon protein also associated with ciliary motility and linked to juvenile myoclonic epilepsy ([@B26], 2005; [@B61], 2008, 2009), also localizes to a small subset of ciliated sensory neurons and promotes longevity, likely acting in the same genetic pathway as PCRG-1. More generally, our work extends our understanding of how signaling pathways are modulated by the ciliary organelle.

RESULTS
=======

*C. elegans* PCRG-1 localizes to the cilia of ASE and outer labial quadrant neurons
-----------------------------------------------------------------------------------

Given the established link between protist PACRG and motile cilia, we first sought to determine whether the uncharacterized *C. elegans* PCRG-1 protein also associates with (nonmotile) ciliary structures. We generated two constructs containing the complete *pcrg-1* gene along with 991 and 3182 base pairs, respectively, of endogenous upstream promoter fused in-frame to green fluorescent protein (PCRG-1::GFP constructs A and B). We generated multiple transgenic lines for each construct and observed consistent localization of PCRG-1::GFP to cilia ([Figure 1B](#F1){ref-type="fig"}). Surprisingly, PCRG-1::GFP was only observed in a subset of ciliated neurons, namely two ASE neurons and four outer labial quadrant (OLQ) neurons. Expression of PCRG-1::GFP in these neurons overlaps with the similarly limited expression pattern of EFHC-1, a core ciliary protofilament ribbon protein (see later discussion), suggesting that the observed expression pattern reflects that of the endogenous protein. ASE cilia are exposed to the external environment via openings in the cuticle ([@B50]) and specifically mediate salt (NaCl) chemotaxis behaviors ([@B8]). Unlike ASE cilia, OLQ cilia are embedded in the cuticle and act as mechanosensors, modulating nose-touch avoidance and withdrawal responses, rate and bending angle of foraging (side-to-side head movements), and suppression of foraging upon nose touch or anterior touch to the body ([@B50]; [@B33]; [@B22]). The restricted localization of *C. elegans* PCRG-1 to a subset of cilia provides evidence that the protein regulates specific sensory/signaling functions in nonmotile cilia.

![PCRG-1::GFP fusion protein localization and *pcrg-1* mutant alleles. (A) Gene model for *E04F6.2* (*pcrg-1*) in the nematode. Positions and relative sizes of the two deletion alleles examined in this study (*gk480, tm2597*), as well as the position of the X-box sequence. (B) Localization of PCRG-1::GFP constructs A (991--base pair promoter) and B (3182--base pair promoter) to the four OLQ and the two ASE cilia of *C. elegans*. Left, schematic diagram outlining fusion protein localization in the nematode. Bases of cilia (basal bodies) are indicated by orange ovals, cilia by green lines, and dendrites by gray lines. Scale bar, 5 μm.](2133fig1){#F1}

PCRG-1 is not essential for cilium biogenesis or intraflagellar transport
-------------------------------------------------------------------------

On the basis of the localization of PCRG-1 to cilia, we examined what ciliary defects, if any, resulted from disrupting its function. We tested two *pcrg-1* mutant alleles, *gk480* and *tm2597* ([Figure 1A](#F1){ref-type="fig"}). The *gk480* allele disrupts part of the promoter region just downstream of a putative X-box transcriptional regulatory sequence commonly found in ciliary genes ([@B18]). The *tm2597* allele completely removes exons 1--4 and part of exon 5 and is likely a null. Based on the consistent phenotypes displayed with both alleles (see later discussion), the *gk480* allele likely prevents *pcrg-1* expression by disrupting binding of the ciliary transcription factor DAF-19.

To test ciliary integrity of *C. elegans* cilia in *pcrg-1* mutants, we conducted several standard assays for cilium structure and function. Of note, although most or all of GFP-tagged PCRG-1 appears to localize exclusively within ASE and OLQ cilia, we could not eliminate the possibility that it may be present (albeit at reduced levels) and function in other cilia. Many cilia in nematodes terminate at openings in the protective cuticle, exposing the sensory neurons to the external environment (reviewed in [@B7]; [@B29]; [@B6]). This allows lipophilic dyes to permeate some ciliated sensory neurons, by which a dye-filling assay detects differences between normal cilia and structurally impaired (e.g., truncated) cilia. Both *pcrg-1* alleles exhibit wild-type dye filling (Supplemental Figure S1A). This may not be unexpected, since ASE and OLQ cilia do not normally dye fill in wild-type animals ([@B50]). *pcrg-1* mutants were also wild type with respect to two other cilium-dependent behaviors, namely avoidance of high-osmolarity (Osm assay; Supplemental Figure S1B) and chemotaxis toward the volatile attractants isoamyl alcohol and acetone (Che assays; Supplemental Figure S1B). Furthermore, *pcrg-1* mutants are superficially wild type with respect to development to adulthood (Supplemental Figure S1C) and egg-laying behavior (Supplemental Figure S1B), two physiological aspects regulated by sensory inputs ([@B21]).

Given the apparent cell-specific expression of *pcrg-1* in ASE and OLQ neurons, we specifically investigated cilia structure in these neurons, using *gcy-5p*::GFP to mark ASE cilia/neurons ([@B64]) and OSM-9::GFP to mark OLQ cilia/neurons ([@B67]). *pcrg-1* mutant ASE(R) cilium length is similar to wild type (Supplemental Figure S1, B and D), and we observed no difference in the OSM-9::GFP localization pattern between *pcrg-1* mutant and wild-type animals (Supplemental Figure S1D). These data are consistent with PCRG-1 not playing a major role in cilium formation, even in neurons in which it is clearly present.

Given the absence of gross structural ciliary defects in the *pcrg-1* mutant, we hypothesized that the IFT machinery required for ciliary protein delivery should still operate to build and maintain cilia. To test this, we monitored the behavior of a GFP-tagged core IFT protein (OSM-6; orthologue of mammalian IFT52) expressed specifically in the ASE(R) neurons (driven by the *gcy-5* promoter) of *pcrg-1* mutant animals. In wild-type *C. elegans* cilia, OSM-6 displays transport velocities of ∼0.7 μm/s in the middle segment and ∼1.1 μm/s in the distal segment ([@B58]). In *pcrg-1* mutants, anterograde IFT is robust and largely normal, although velocities were minimally yet significantly slower than in wild-type animals (0.64 and 0.97 μm/s, respectively; Supplemental Figure S1E). Together these data show that PCRG-1 is not strictly required for general cilium structure/function, consistent with a largely normal axonemal ultrastructure (unpublished data) and a functioning IFT system. The absence of overt ciliary defects in *pcrg-1* mutants may point to a more specific role for *C. elegans* PACRG in sensory reception and signaling.

*pcrg-1* is required for gustatory plasticity, a learning behavior dependent on ASE neurons
-------------------------------------------------------------------------------------------

The expression of PCRG-1 in ASE neurons ([Figure 1B](#F1){ref-type="fig"}) prompted us to analyze its potential role in chemotaxis to salts, which is critically dependent on these sensory neurons ([@B8]). We found that *pcrg-1* mutants display wild-type chemotactic behaviors to various NaCl concentrations ([Figure 2A](#F2){ref-type="fig"}). In addition to enabling chemotaxis, ASE neurons, along with ASI, ASH ([@B23]), and possibly ADL and ADF neurons ([@B24]), are essential for gustatory plasticity. This behavior represents the reduced attraction or avoidance of *C. elegans* to NaCl after prolonged exposure to this salt in the absence of food ([@B31]; [@B7]). We discovered that *pcrg-1* mutants show significant defects in gustatory plasticity, by which animals remain attracted to NaCl even after prolonged exposure to NaCl in the absence of food ([Figure 2B](#F2){ref-type="fig"}). Of note, expression of PCRG-1::GFP in the *pcrg-1* mutant did not rescue the gustatory plasticity defect, as overexpression of PCRG-1::GFP in wild-type animals results in a similar gustatory plasticity defect ([Figure 2B](#F2){ref-type="fig"}). Together these data provide evidence that correct PCRG-1 levels are needed for proper signaling associated with gustatory plasticity. Of interest, both loss-of-function mutations and overexpression of GPC-1, a G-protein implicated in gustatory plasticity with a mutant phenotype similar to *pcrg-1* mutants, also disrupts gustatory plasticity ([@B31]). This observation led us to investigate a potential connection between PCRG-1 and G-proteins.

![*pcrg-1* animals show a defect in behavioral plasticity. (A) Naive responses to NaCl are not affected in *pcrg-1* animals. Chemotaxis responses of wild-type (black line) and *pcrg-1(tm2597)* (green line) animals to various concentrations of NaCl. (B) Mutation of *pcrg-1* affects gustatory plasticity. Worms are washed for 15 min in a low-salt buffer (black bars) or a buffer containing 100 mM NaCl (gray bars) and tested for chemotaxis to 25 mM NaCl. Wild-type animals show avoidance of NaCl after preexposure, whereas the two *pcrg-1* mutants and the two transgenic strains carrying extra copies of *pcrg-1* remain attracted to NaCl. \*\*Statistically significantly different compared with wild type (*p* \< 0.001). (C) *pcrg-1* interacts with G-protein signal transduction in gustatory plasticity. Worms are washed for 15 min in a low-salt buffer (black bars) or a buffer containing 100 mM NaCl (gray bars) and tested for chemotaxis to 25 mM NaCl. \*, Statistically significantly different compared to wild type (*p* \< 0.05). \*\*, Statistically significantly different compared to wild type (*p* \< 0.001). Comparisons were also performed between double mutants and their corresponding single mutants. The only statistically significantly differences (*p* \< 0.001) were between *pcrg-1* and *odr-3*, *pcrg-1* and *pcrg-1;odr-3, pcrg-1*, and *gpa-11*, and *pcrg-1* and *pcrg-1;gpa-11.* Means + SEM; *n* \> 100 for all assays.](2133fig2){#F2}

*pcrg-1* interacts genetically with G-proteins in gustatory plasticity
----------------------------------------------------------------------

G-protein--coupled receptors represent an important interface through which cells respond to sensory stimuli. Their activation results in the dissociation of heterotrimeric G-proteins into α and βγ subunits, which regulate various downstream effectors. In *C. elegans*, at least 14 of the 21 known Gα subunits and one of the Gγ genes (*gpc-1*) are specifically expressed in sensory neurons ([@B75]; [@B52]; [@B30]), making them promising candidates for contributing to the integration of several sensory cues in cooperation with PCRG-1 to enable gustatory plasticity. The *pcrg-1* mutant phenotype is reminiscent of two G-protein mutant phenotypes: mutants of the Gα subunit GPA-1 and the Gγ subunit GPC-1 ([@B23]). Like *pcrg-1* mutants, these G-protein mutants show wild-type chemotaxis to NaCl but display defects in gustatory plasticity, with *gpa-1* and *gpc-1* working in the same pathway to modulate the behavior. It has been hypothesized that ASE neurons (which express *pcrg-1*) provide a signal to sensitize other ciliated cells expressing *gpa-1* and/or *gpc-1* to increase avoidance of normally attractive NaCl concentrations after prolonged exposure ([@B23]).

To analyze whether *pcrg-1* genetically interacts with these G-protein genes in gustatory plasticity, we examined the behavior of double mutants. Mutant combinations of *pcrg-1* with either *gpc-1* or *gpa-1* do not exacerbate the phenotype, suggesting that all three genes function in the same pathway in gustatory plasticity ([Figure 2C](#F2){ref-type="fig"}). Mutants of another Gα subunit, ODR-3, also show gustatory plasticity defects in the absence of NaCl chemotaxis defects ([@B23]). *odr-3* mutants display a stronger gustatory plasticity defect than *pcrg-1* mutants, by which they are always strongly attracted to NaCl. The *pcrg-1;odr-3* double mutant also displays this phenotype ([Figure 2C](#F2){ref-type="fig"}), but because *odr-3* mutants display the maximum attraction to NaCl, it is possible that either the two genes function in parallel genetic pathways or *odr-3* functions downstream of *pcrg-1*. Of interest, we also found that mutants of the Gα subunit GPA-11 show increased avoidance of NaCl after prolonged exposure to NaCl in the absence of food compared with wild-type animals and fully suppress the plasticity defect of *pcrg-1* mutant animals ([Figure 2C](#F2){ref-type="fig"}). This latter finding suggests that *gpa-11* functions downstream of *pcrg-1* in gustatory plasticity. Together our results provide evidence that PCRG-1 functionally interacts with several G-proteins to modulate the gustatory plasticity response.

PCRG-1 positively regulates longevity in *C. elegans*, potentially independently of G-proteins implicated in gustatory plasticity
---------------------------------------------------------------------------------------------------------------------------------

Of interest, the G-proteins believed to function in the same pathway as PCRG-1 in gustatory plasticity also modulate lifespan. Increased lifespan is seen in *gpa-1, gpc-1*, and *odr-3* mutants and in animals overexpressing *gpa-11* ([@B40]). This prompted us to analyze longevity in *pcrg-1* mutants. Of interest, the two *pcrg-1* alleles show significantly reduced lifespan compared with wild type ([Figure 3A](#F3){ref-type="fig"} and Supplemental Table S1), both of which are fully rescued by GFP-tagged PCRG-1 ([Figure 3, B and C](#F3){ref-type="fig"}, and Supplemental Table S1). This confirms that decreased longevity specifically arises from disrupting the *pcrg-1* gene and that PCRG-1::GFP localization to cilia is biologically relevant. Unlike previously identified longevity-promoting proteins, PCRG-1::GFP expression in wild-type animals does not increase lifespan ([Figure 3D](#F3){ref-type="fig"} and Supplemental Table S1). This is likely because many longevity-promoting proteins are kinases involved in signaling pathways like the insulin signaling pathway. Consequently, increased signaling via increased kinase activity may further extend longevity in a wild-type background. In contrast, PCRG-1 is believed to associate with the protofilament ribbon, a structural component of ciliary axonemes, where it is suspected to anchor signaling molecules. The amount of PACRG associated with the protofilament is likely fixed, so that an increase of PACRG may not lead to increased signaling in this context.

![*C. elegans pcrg-1* animals show a significant decrease in lifespan compared with wild type. (A) Both alleles of *pcrg-1* (*gk480*, *tm2597*) show a significant decrease in lifespan compared with the wild-type *N2* strain. (B) Expression of PCRG-1::GFP (construct A with 991-- base pair promoter) rescues the lifespan defect shown in the *gk480* allele. (C) Expression of PCRG-1::GFP (construct B with 3182--base pair promoter) rescues the lifespan defect shown in the *tm2597* allele. (D) Expression of PCRG-1::GFP (construct B) in the wild-type (*N2*) background does not affect the lifespan of the worm. For number of animals and *p* values comparing differences between strains in lifespan experiments, see Supplemental Table S1.](2133fig3){#F3}

We tested for genetic interactions between *pcrg-1* and the G-protein signaling mutants implicated in gustatory plasticity. Of interest, mutant combinations of *pcrg-1* with *gpc-1* or *gpa-1* show lifespans more similar to those of the G-protein single mutants (*p* \> 0.05; [Figure 4, A and B](#F4){ref-type="fig"}, and Supplemental Table S1). The statistical analyses are consistent with all three genes functioning in the same pathway, with PCRG-1 acting upstream of the two G-proteins ([@B40]). However, since the *p* value for the *pcrg-1;gpc-1* double mutant compared with the *gpc-1* single mutant is only slightly above the 0.05 cutoff for significance (0.0825), the possibility that *pcrg-1* functions in a parallel pathway to *gpc-1* could not be ruled out. In contrast, *pcrg-1* clearly acts in a pathway parallel to that of the two other G-protein genes tested, *gpa-11* and *odr-3*, as double mutants display a lifespan significantly different from that of either mutant alone ([Figure 4, C and E](#F4){ref-type="fig"}), and overexpression of *gpa-11* increases the short lifespan of the *pcrg-1* mutant ([Figure 4, D and F](#F4){ref-type="fig"}). These data, together with evidence that *gpa-1*, *gpc-1*, *gpa-11*, and *odr-3* are believed to all act in the same genetic pathway to regulate longevity ([@B40]), suggest that *pcrg-1* may promote longevity independently of these G-proteins.

![PCRG-1 does not appear to interact genetically with G-proteins to affect lifespan. (A) The lifespan of a *pcrg-1;gpc-1* double mutant is not statistically different from that of *gpc-1*. (B) The lifespan of a *pcrg-1;gpa-1* double mutant is not statistically different from that of *gpa-1*. (C) The lifespan of a *pcrg-1;gpa-11* double mutant is significantly different from that of either single mutant. (D) The lifespan of a *pcrg-1;gpa-11XS* mutant strain is significantly different from that of *gpa-11XS* and *pcrg-1* mutants. (E) The lifespan of a *pcrg-1;odr-3* double mutant is significantly different from that of either single mutant. (F) The lifespan of a *pcrg-1;odr-3; gpa-11XS* mutant strain is indistinguishable from that of *odr-3;gpa-11XS*. For number of animals and *p* values comparing differences between strains in lifespan experiments, see Supplemental Table S1.](2133fig4){#F4}

PCRG-1 regulates lifespan upstream of the longevity-promoting FOXO transcription factor DAF-16
----------------------------------------------------------------------------------------------

Mutations in insulin signaling genes, including the insulin/IGF-1 receptor homologue *daf-2*, greatly extend lifespan ([@B36]). This lifespan extension depends on the FOXO family transcription factor DAF-16, which translocates to the nucleus to promote longevity in *daf-2* mutants ([@B41]). A seminal study by [@B3] established that loss of ciliogenic genes increased lifespan in *C. elegans*, where cilia are believed to influence longevity by controlling the insulin/IGF-1 pathway ([@B3]). It is notable that disruption of *pcrg-1* (confirmed in two mutants) results in decreased lifespan; in contrast, ablation of IFT ([@B3]; [@B54]; [@B40]), the transition zone (membrane diffusion barrier at the ciliary base; [@B70]; [@B9]), or most sensory G-proteins (except GPA-2; [@B40]) all cause increased lifespan. To test for interactions between PCRG-1 and other ciliary proteins, we queried for genetic interactions between *pcrg-1* (both alleles) and IFT mutants (*osm-5* and *che-11*) or transition zone mutants (*nphp-1* and *nphp-4*), which exhibit increased lifespan to varying degrees ([@B3]; [@B70]; [@B71]). In all cases, double mutants show intermediate lifespans compared with individual mutants ([Figure 5, A--D](#F5){ref-type="fig"}, Supplemental Figure S2, A--D, and Supplemental Table S1). This intermediate phenotype is interesting, as it suggests that PCRG-1 functions parallel to other ciliary (ciliogenic) proteins that affect lifespan. Hence the different (opposite) phenotypes of *pcrg-1* and ciliogenic (IFT/transition zone) mutants on lifespan are supported by these genetic epistasis results. Furthermore, the results may not be surprising, given that PCRG-1 is restricted to a small number of ciliated neurons and likely contributes to specific ciliary signaling functions as opposed to affecting all cilia in the animal.

![PCRG-1 functions in a parallel pathway to ciliary proteins to regulate longevity. (A) The lifespan of a *pcrg-1;osm-5* double mutant is significantly different from that of either single mutant. (B) The lifespan of a *pcrg-1;che-11* double mutant is significantly different from that of either single mutant. (C) The lifespan of a *pcrg-1;nphp-1* double mutant is significantly different from that of either single mutant. (D) The lifespan of a *pcrg-1;nphp-4* double mutant is significantly different from that of either single mutant. For number of animals and *p* values comparing differences between strains in lifespan experiments, see Supplemental Table S1.](2133fig5){#F5}

Many pathways that regulate longevity converge on the lifespan-promoting transcription factor DAF-16, including the insulin-signaling pathway. We tested double mutants with either *pcrg-1* allele and the short-lived *daf-16(mu86)* null allele. If PCRG-1 extends life­span independently of DAF-16 function, double mutants would be predicted to show decreased lifespans compared with the two single mutants. For example, mutants of the AMP-activated protein kinase AAK-2 promote longevity independent of DAF-16 function, and double mutants show reduced lifespan compared with both *aak-2* and *daf-16* single mutants ([@B4]). In contrast, we find that loss of *pcrg-1* does not reduce the lifespan of *daf-16* mutants ([Figures 6A](#F6){ref-type="fig"} and Supplemental Table S1), indicating that *pcrg-1* modulates longevity in cooperation with *daf-16*. Next, we wanted to determine whether *pcrg-1* and *daf-16* modulate longevity as part of the insulin-signaling pathway. The hypomorphic, nonnull nature of the *daf-2(e1370)* allele prevents definitive epistasis experiments, but removing *pcrg-1* activity does not reduce the lifespan of *daf-2* mutants; indeed, the *daf-2;pcrg-*1 double mutant is as long-lived as the *daf-2* mutant ([Figures 6B](#F6){ref-type="fig"} and Supplemental Table S1). This finding strongly supports the notion that the *pcrg-1* mutant is not simply "sick" since it can live much longer than wild type by simply reducing insulin signaling. In addition, our data are consistent with both proteins functioning in the same pathway, with PCRG-1 functioning upstream of DAF-2 as part of the insulin pathway and DAF-16 functioning downstream of both proteins.

![PCRG-1 functions upstream of DAF-16 and likely the insulin signaling pathway to regulate longevity. (A) The lifespan of a *pcrg-1(tm2597);daf-16* double mutant is indistinguishable from that of either single mutant. (B) The lifespan of a *pcrg-1(tm2597);daf-2* double mutant is indistinguishable from that of *daf-2*. (C) The lifespan of a *pcrg-1;eat-2* double mutant is significantly different from that of either single mutant. (D) The lifespan of a *pcrg-1;clk-1* double mutant is significantly different from that of either single mutant. For number of animals and *p* values comparing differences between strains in lifespan experiments, see Supplemental Table S1.](2133fig6){#F6}

To provide further evidence that PCRG-1 functions in the insulin-signaling pathway and not another longevity-related pathway we investigated dietary restriction and mitochondrial function ([@B38]; [@B20]). We tested for genetic interactions between the short-lived *pcrg-1* mutant and 1) long-lived *eat-2* mutant (impaired in feeding) and 2) long-lived *clk-1* mutant (impaired in mitochondrial activity). In contrast to the extremely long-lived *pcrg-1;daf-2* double mutants, *pcrg-1;eat-2* and the *pcrg-1;clk-1* double mutants exhibit intermediate lifespans ([Figure 6, C and D](#F6){ref-type="fig"}, and Supplemental Table S1). These results suggest that PCRG-1 does not directly act within the diet restriction or mitochondrial pathways but instead functions in a parallel pathway, consistent with a specific role for PACRG in the insulin/IGF-1 pathway.

*C. elegans* EFHC-1 shows restricted, partially overlapping localization to PCRG-1
----------------------------------------------------------------------------------

*Chlamydomonas* PACRG is believed to interact with Rib72 ([@B28]), another highly conserved ciliary protein ([@B47]; Li *et al.*, 2004; [@B49]; [@B57]; [@B59]) orthologous to human EFHC1 and commonly mutated in juvenile myoclonic epilepsy ([@B61]). In protist cilia, EFHC1 is a core component of the protofilament ribbon ([@B26]) and is also implicated in ciliary motility ([@B27]; [@B63], 2009; [@B15]). The localization of PCRG-1 to a subset of cilia in *C. elegans* was surprising, given its high level of conservation in ciliated organisms. We sought to determine whether EFHC1, believed to be functionally/physically linked to PACRG ([@B28]), showed a similar restricted localization in a subset of ciliated neurons. We analyzed the unstudied *C. elegans* orthologue of EFHC1 encoded by *Y49A10A.1* (*efhc-1*). We made a construct with the complete *efhc-1* gene along with 2036 base pairs of endogenous upstream promoter fused in-frame to GFP (EFHC-1::GFP). Several independent transgenic lines consistently reveal EFHC-1::GFP localization to cilia ([Figure 7B](#F7){ref-type="fig"}). Like PCRG-1, the fusion protein is expressed in only a subset of ciliated neurons: the four OLQ neurons like PCRG-1 and the four cephalic (CEP) neurons ([Figure 7B](#F7){ref-type="fig"}). EFHC1::GFP appears to localize along the full length of each OLQ and CEP cilium ([Figure 7B](#F7){ref-type="fig"}). These data suggest that although PACRG and EFHC1 play shared roles in motility in several organisms, in *C. elegans*, they function in only a subset of nonmotile cilia, where they can modulate specific sensory modalities.

![*efhc-1* mutant alleles, localization of EFHC-1::GFP, and a reduction in lifespan in *efhc-1* mutants. (A) Gene model for the *Y49A10A.1* (*efhc-1*) gene in the nematode. Positions and size/nature of the two alleles examined in this study (*gk424336* and *tm6235*). (B) Localization of EFHC-1::GFP to the four OLQ and the four CEP cilia of *C. elegans*. Basal body regions (BB) are indicated by orange ovals, cilia by green lines, and dendrites by gray lines. Scale bar, 5 μm. (C) Both *efhc-1(gk424336)* and *efhc-1(tm6235)* worms show significantly decreased lifespans compared with wild type (*N2)*. (D) The reduced lifespan in *efhc-1* mutants is similar to the lifespan of *pcrg-1* mutants, as well as of double mutants, suggesting that the two genes work in the same genetic pathway to regulate lifespan. For number of animals and *p* values comparing differences between strains in lifespan experiments, see Supplemental Table S1.](2133fig7){#F7}

EFHC-1 regulates lifespan likely through the same pathway as PCRG-1
-------------------------------------------------------------------

Given that most known ciliary mutants show increased lifespans, the decreased lifespan seen in *pcrg-1* mutants was unexpected. Considering the restricted localization patterns of PCRG-1 and EFHC-1 to a small subset of ciliated neurons in *C. elegans*, we queried whether disrupting EFHC-1 also influences lifespan. We tested two *efhc-1* alleles in aging assays. The *efhc-1(gk424336)* allele contains a nonsense mutation halfway through the gene, and the *efhc-1(tm6235)* allele has an in-frame deletion of exons 3--7 ([Figure 7A](#F7){ref-type="fig"}). Remarkably, both mutants show significant decreases in lifespan, similar to *pcrg-1* mutants ([Figure 7C](#F7){ref-type="fig"}). The overlapping localization of PCRG-1 and EFHC-1 in only OLQ neurons, in combination with their similar roles in lifespan extension, suggests that both proteins may act in OLQ (and perhaps not ASE or CEP) neurons to promote longevity.

The similarities between PCRG-1 and EFHC-1 also suggest a potential functional interaction between the two proteins, as was suspected but unconfirmed from *Chlamydomonas* studies ([@B28]). Indeed, *pcrg-1;efhc-1* double mutants did not show a further decrease in lifespan compared with the single mutants ([Figure 7D](#F7){ref-type="fig"}), consistent with both genes functioning in the same genetic pathway to regulate nematode lifespan. Given their colocalization to OLQ cilia, we queried whether the proteins depend on each other for ciliary localization, as implied by work in *Chlamydomonas* ([@B28]). Of interest, our results show that PCRG-1 is dispensable for EFHC-1 ciliary localization and vice versa (Supplemental Figure S3). Our findings suggest that although both proteins likely function together to exert their shared effect on lifespan, their association with the ciliary axoneme is independent.

OLQ cilia/neurons appear to be involved in longevity control in *C. elegans*
----------------------------------------------------------------------------

To investigate a possible role of OLQ cilia in longevity control, we first looked for structural defects in OLQ cilia of *pcrg-1* mutants via transmission electron microscopy (TEM). The majority of *C. elegans* cilia possess a modified basal body with transition fibers, a transition zone characterized by the presence of Y-shaped axoneme--membrane linkers, a "middle segment" consisting of microtubule doublets, and a "distal segment" consisting of microtubule singlets ([@B50]). The OLQ axoneme deviates from this, displaying nine doublet microtubules, four of which are joined into a square by thick cross-bridges and attached at the center of the axoneme with fine radial arms ([@B50]). Our TEM analysis revealed that *pcrg-1* mutant animals show variable loss of microtubule doublets and a disrupted microtubule square that frequently results in three microtubule doublets connected as a triangle ([Figure 8A](#F8){ref-type="fig"}). Our results suggest that defects in OLQ ciliary structure in *pcrg-1* mutants may lead to signaling defects that disrupt longevity control. We next investigated whether expressing PCRG-1::GFP specifically in the OLQ neurons using the *ocr-4* promoter in *pcrg-1* mutants increases their longevity, and indeed we found that *pcrg-1* mutants carrying the *pocr-4*::PCRG-1::GFP construct live longer than their nontransgenic siblings ([Figure 8B](#F8){ref-type="fig"}). To interrogate directly the involvement of OLQ neurons in longevity in *C. elegans*, we genetically ablated OLQ neurons by expressing the proapoptotic gene *egl-1(d)* (*pocr-4::egl-1(d)* construct). Of interest, animals carrying the ablation construct show increased longevity compared with nontransgenic, wild-type siblings ([Figure 8C](#F8){ref-type="fig"}). This suggests that the ciliated OLQ neurons may play an important role in longevity control in *C. elegans* and that PCRG-1 and EFHC-1 may exert their longevity-promoting activities through their functions in OLQ.

![OLQ neurons and/or cilia appear to play a role in longevity. (A) The ultrastructure of OLQ cilia in *pcrg-1* mutants shown by representative TEM images from serial cross sections. Bottom, striated rootlet at the base of OLQ cilia that is unaltered in *pcrg-1* mutants. Middle, proximal region of OLQ cilia. In wild-type cilia, four outer doublets are connected in a square by thick cross-bridges and to the center with fine radial arms surrounded by additional microtubule doublets. In *pcrg-1* mutants, microtubule doublets no longer form a square but frequently form a triangle instead, and radial arms are missing. Top, distal region of OLQ cilia where wild-type animals retain microtubule doublets connected in a square but lose additional doublets. *pcrg-1* mutants completely lose connections between doublets and retain a small number of doublets. Scale bars, 200 nm. (B) *pcrg-1* animals with PCRG-1 fused to GFP and driven by the *ocr-4* promoter specifically in OLQ neurons show increased longevity compared with nontransgenic, *pcrg-1* siblings. (C) Genetic ablations of OLQ neurons by expression of *egl-1(d)* (two lines) show increased longevity compared with nontransgenic, wild-type siblings.](2133fig8){#F8}

Given that OLQ cilia are known to function in mechanosensation at the nose of *C. elegans* ([@B33]; [@B22]), we investigated the consequences of the loss of PCRG-1 on mechanosensory responses and OLQ-related behaviors. We found that *pcrg-1* mutants retain mechanosensory responses to both light (buzz stimulus) and strong (press stimulus) stimulation to the nose (Supplemental Figure S4, A and B). In addition, we found that foraging behaviors mediated by OLQ neurons are similarly unaffected in *pcrg-1* mutants (Supplemental Figure S4, C and D). Together these data show that PCRG-1, and likely EFHC-1, function in OLQ to mediate signaling functions/molecules specific to longevity but are not implicated in the forms of mechanosensation and foraging behaviors tested for.

DISCUSSION
==========

A distinction between motile and nonmotile (sensory) cilia is often made due to their well-established roles in motility and sensory transduction, respectively. Nevertheless, sensory functions have been ascribed to motile cilia ([@B56]; [@B12]). Both forms of cilia require the same evolutionarily conserved IFT machinery for their formation, and they possess similar ultrastructures, with the exception of various appendages associated with the motile axoneme, such as the central microtubule pair, radial spokes, inner and outer dynein arms, and interdoublet links. The protofilament ribbon, located at the junction of the A- and B-tubules of outer doublet microtubules, has long been suspected of being a major attachment point for structures/proteins involved in producing movement ([@B44]; [@B65]; [@B55]; [@B2]). Consistent with this, PACRG, which is specifically associated with the protofilament ribbon ([@B28]), functions in ciliary motility ([@B45]; [@B16]; [@B13]; [@B69]). Given the presence of a PACRG orthologue in *C. elegans*, which lacks motile cilia, we hypothesized that this protofilament ribbon protein may provide a scaffold important for sensory transduction; similar functions may also exist in motile cilia but could be masked by prominent motility phenotypes in mutants.

Our results demonstrate that *C. elegans* PACRG localizes specifically to cilia; however, rather than being a ubiquitous ciliary component, it appears to have been adopted for specific functions in a restricted number of ciliated sensory neurons (ASE and OLQ). In particular, whereas *pcrg-1* mutants show wild-type chemotaxis to NaCl, they display defects in the learning behavior known as gustatory plasticity, in which wild-type animals avoid normally attractive NaCl concentrations when preexposed to the salt in the absence of food. *pcrg-1* mutants remain attracted to NaCl after preexposure in the absence of food, a phenotype similar to that seen in mutants for the Gα subunit GPA-1 and Gγ subunit GPC-1. All three genes were found to function in the same pathway, supporting a highly intricate integration of sensory cues in the modulation of gustatory plasticity. It has been proposed that ASE neurons (which express *pcrg-1*) provide a signal to sensitize ADF, ADL, ASI, and ASH (many of which express *gpa-1* and/or *gpc-1*) neurons in gustatory plasticity to increase the avoidance of normally attractive NaCl concentrations after prolonged exposure ([@B23]). An appealing possibility is that *pcrg-1* plays a role in the production of this signal.

In this work, we also find that *pcrg-1* mutants display marked decreases in lifespan compared with wild-type animals. Nematode cilia collectively represent the sensory apparatus of the animal (reviewed in [@B29]; [@B6]), and decreased sensation is associated with increased longevity ([@B35]). In *C. elegans*, mutations affecting the insulin/IGF receptor DAF-2 result in lifespan extension that depends on the FOXO transcription factor DAF-16. All investigated proteins that influence cilium formation (e.g., IFT and transition zone components) negatively regulate insulin/IGF signaling and thus reduce longevity (i.e., mutants have increased lifespans). It is therefore surprising that PCRG-1 has the opposite effect, positively regulating insulin/IGF signaling. Nonetheless, our genetic interaction studies reveal that PCRG-1 functions in a parallel pathway to the previously studied IFT and transition zone proteins, supporting the notion that its role at the cilium in modulating signaling is unique. Remarkably, EFHC1, an integral component of the protofilament ribbon, also localizes to cilia within a small, partially overlapping subset of neurons and positively regulates longevity, likely through the same pathway as PACRG. Hence both protofilament ribbon proteins carry out distinct roles in ciliary signaling compared with ciliogenic proteins.

Our genetic epistasis studies reveal that PCRG-1 modulates life­span upstream of the longevity-promoting FOXO transcription factor DAF-16; this is like other ciliary (IFT, transition zone) proteins, but PCRG-1 exerts an opposite effect on lifespan compared with other ciliary proteins. Although ciliary mutants most often display increased longevity, the ablation of specific gustatory neurons, and likely that of other ciliated sensory neurons, can either inhibit or promote longevity ([@B1]). The longevity-promoting nature of both PCRG-1 and EFHC-1 and the overlapping localization of the two proteins in OLQ neurons suggest the existence of a lifespan-modulating signal derived from OLQ neurons. This putative signal is independent of the G-protein signaling network implicated in gustatory plasticity. A role for OLQ cilia/neurons in longevity control is further supported by the discovery that ciliary structure is abrogated in *pcrg-1* mutants, which could lead to impairment of signaling pathways that rely on intact cilia. Furthermore, we find that expression of PCRG-1::GFP specifically in OLQ neurons results in lifespan extension of *pcrg-1* mutants. Of interest, genetic ablations of OLQ neurons result in increased longevity, suggesting that OLQ is responsible for producing a lifespan-reducing signal and that ciliary dysfunction in *pcrg-1* mutants may increase the production of this signal and reduce lifespan.

In conclusion, our work has identified roles for the *C. elegans* PACRG orthologue in regulating signaling functions associated with nonmotile, sensory cilia. It is possible that the proteins have comparable roles in signaling within motile cilia---which have known sensory-signaling functions ([@B56]; [@B12]). Uncovering such signaling functions may be difficult, given the prominent roles for PACRG in maintaining axonemal structure integrity and motility. The other possibility is that the signaling roles of PACRG are innovations in metazoans; the protein was adopted by nonmotile cilia to regulate sensory signal transduction. Furthermore, in this work, we show that additional ciliary motility--signaling connections may exist, since EFHC1 (a core protofilament ribbon protein associated with ciliary motility) also positively regulates life­span. Future studies aimed at dissecting the roles of mammalian PACRG and EFHC1 in primary cilia--mediated sensory processes and insulin/IGF (and potentially other) signaling pathways should prove to be valuable, as they may provide insights into lifespan control, as well as into other physiological and developmental processes.

MATERIALS AND METHODS
=====================

*C. elegans* strains and genetic constructs
-------------------------------------------

Unless otherwise noted, all strains were cultured and maintained at 20°C. The *pcrg-1(tm2597)* and *efhc-1(tm6235)* strains used in this work were obtained from National Bioresource Project (shigen.lab.nig.ac.jp/c.elegans/index.jsp). The *pcrg-1(gk480)* strain was obtained from the *C. elegans* Gene Knockout Consortium ([www.zoology.ubc.ca/\~dgmweb/research1.htm](http://www.zoology.ubc.ca/~dgmweb/research1.htm)). The *efhc-1(gk424336)* strain was obtained from the Million Mutation Project (genome.sfu.ca/mmp/). These strains were outcrossed to wild-type (*N2*) worms at least six times. Other strains used in this work include *gpa-1(pk15)*, *gpa-11(pk349)*, *gpa-11XS(pkIs539)*, *gpc-1(pk298)*, *odr-3(n1605)*, *osm-5(p813)*, *che-11(e1810)*, *daf-16(mu86)*, *daf-2(e1370)*, *nphp-1(ok500)*, *nphp-4(tm925)*, *eat-2(ad465)*, *clk-1(e2519)*, *dpy-5(e907)*;*Ex\[gcy-5p::gfp + dpy5(+)\]*, *dpy-5(e907);Ex\[gcy-5p::osm-6::gfp) + dpy5(+)\]*, *N2;osm-9::gfp5*, and the chameleon strain AQ1490 ljEx130\[pocr-4::YCD3 OLQ\] ([@B37]). The wild-type *C. elegans* used was the strain Bristol *N2*.

Construction of transgenic *C. elegans* strains
-----------------------------------------------

Two translational PCRG-1::GFP constructs (A and B) and a translational EFHC-1::GFP construct were generated as described previously ([@B10]). The 5′ upstream sequence included in the PCRG-1::GFP constructs also contain the predicted mitochondrial RNA processing noncoding RNA *mprp-1*. The 5′ upstream sequence of PCRG-1::GFP (construct B) also contains the *E04F6.6* gene, which codes for a protein of unknown function. All constructs contain the entire genomic coding regions along with 991 base pairs (PCRG-1::GFP construct A), 3182 base pairs (PCRG-1::GFP construct B), or 2036 base pairs (EFHC-1::GFP) of promoter sequence 5′ of the start codon fused upstream of and in-frame with the GFP coding sequence. To obtain *ocr-4::egl-1(d)* genetic ablations, the *ocr-4::egl-1(d)* construct was injected at 90 ng/µl with 10 ng/μl of *rol-6*. The PCRG-1::GFP construct was driven in OLQ neurons using 3200 base pairs of the upstream promoter of *ocr-4.*

Behavioral assays
-----------------

The response to 25 mM NaCl, with or without preexposure to 100 mM NaCl, was assessed as described before ([@B68]; [@B31]). A chemotaxis index was calculated as (*A* − *C*)/(*A* + *C*), where *A* is the number of animals at the quadrants with NaCl, and *C* is the number of animals at the quadrants without attractant. The behavior of animals was always compared with controls performed on the same day(s). From 100 to 200 animals were tested in each assay, and assays were performed at least four times. Statistical significance was determined using an analysis of variance, followed by a Bonferroni post hoc test. Error bars represent SEM.

Cilium length measurements
--------------------------

ASE(R) amphid sensory neurons were visualized by expressing the transcriptional reporter *gcy-5p*::GFP ([@B11]). In this construct, GFP diffuses freely throughout the neuron to stain the cell bodies, axons, dendrites, transition zone, and cilia. Fifty animals were measured per assay. Assays were repeated at least twice, with consistent results. Cilium length was measured from the distal tip of the dendrite (base of cilium) to the distal tip of the cilium.

Lifespan assays
---------------

Lifespan assays were performed similar to those described in [@B3]. Worms were grown at 20°C for one generation before the eggs were collected through treatment with sodium hypochlorite. At the L4 molt, the animals were transferred to nematode growth medium (NGM) plates seeded with *Escherichia coli* strain *OP50* and containing 16 μM fluorodeoxyuridine to prevent progeny growth. The assay plates were kept at 20°C for the duration of the assay. One hundred animals were picked for each of the indicated strains, with 10 worms on each individual plate. Plates were scored every 1--2 d for the presence of live and dead worms. Individual worms were considered dead once they no longer responded to harsh touch (prodding with a platinum wire). Worms that crawled off of the plate or exploded were censored. All assays were performed at least twice with consistent results. Lifespan analyses of many mutant strains, together with wild-type controls, were conducted in parallel; some of these results are split into separate graphs to simplify the data presented and show more clearly the relevant comparisons.

Microscopy and intraflagellar transport assays
----------------------------------------------

Transgenic animals harboring GFP-tagged proteins were mounted on 1% agarose pads and immobilized with 100 mM levamisole. Amphid and phasmid cilia were examined with a 100×/1.35 numerical aperture objective and an ORCA AG charge-coupled device camera (Hamamatsu Photonics Systems, Hamamatsu City, Japan) mounted on a Zeiss (Oberkochen, Germany) Axioskop 2 mot plus microscope, with time-lapse images acquired at 300--500 ms/frame, depending on the specific marker used. Images and movies were obtained in Openlab, version 5.02 (ImproVision). Kymographs were generated using the MultipleKymograph ImageJ plug-in ([www.embl-heidelberg.de/eamnet/html/body_kymograph.html](http://www.embl-heidelberg.de/eamnet/html/body_kymograph.html)). Rates from middle and distal segments were obtained essentially as described ([@B48]). For transgenic strains, at least 50 animals were observed per strain, with consistent results.

Transmission electron microscopy
--------------------------------

Wild-type or mutant worms were washed directly into a primary fixative of 2.5% glutaraldehyde in 0.1 M Sorensen phosphate buffer. To facilitate rapid ingress of fixative, worms were cut in half under a dissection microscope using a razor blade, transferred to Eppendorf tubes, and fixed for 1 h at room temperature. Samples were then centrifuged at 3000 rpm for 2 min, and supernatant was removed and washed for 10 min in 0.1 M Sorensen phosphate buffer. Worms were then postfixed in 1% osmium tetroxide in 0.1 M Sorensen phosphate buffer for 1 h at room temperature. After washing in buffer, specimens were processed for electron microscopy by standard methods; briefly, they were dehydrated in ascending grades of alcohol to 100%, infiltrated with Epon, and placed in aluminum planchettes oriented in a longitudinal aspect and allowed to polymerize at 60°C for 24 h. A Leica (Wetzlar, Germany) UC6 ultramicrotome was used to section individual worms in cross section from anterior tip at 1 μm until the area of interest was located by using by light microscopy to examine the sections stained with toluidine blue. Then serial ultrathin sections of 80 nm were taken for electron microscopic examination. These were picked up onto 100-mesh copper grids and stained with uranyl acetate and lead citrate. Using a Tecnai Twin (FEI) electron microscope (Hillsboro, OR), sections were examined to locate, first, the most distal region of the ciliary region and then from that point to the more proximal regions of the ciliary apparatus. At each strategic point, distal segment, middle segment, and transition zone/fiber regions were tilted using the Compustage of the Tecnai to ensure that the axonemal microtubules were imaged in an exact geometrical normalcy to the imaging system. All images were recorded at an accelerating voltage (120 kV) and objective aperture of 10 μm using a MegaView 3 digital recording system (Munster, Germany).

Calcium imaging of OLQ neurons
------------------------------

Calcium imaging of nose-touch stimulation of glued animals was essentially as described previously, using a 1-s "press" or a 3.7-s "buzz" stimulus ([@B37]). Images were recorded at 10 Hz using an iXon EM camera (Andor Technology, Belfast, United Kingdom), captured using IQ1.9 software (Andor Technology), and analyzed using a Matlab (MathWorks, Natick, MA) program custom written by Ithai Rabinowitch. A rectangular region of interest (ROI) was drawn around the cell body, and for every frame, the ROI was shifted according to the new position of the center of mass. Fluorescence intensity, *F*, was computed as the difference between the sum of pixel intensities and the faintest 10% pixels (background) within the ROI. Fluorescence ratio *R* = *F*~yellow~/*F*~cyan~ (after correcting for bleedthrough) was used for computing ratio change, expressed as a percentage of *R*~0~, the average *R* within the first 3 s of recording ([@B51]).

Single-worm tracking of *C. elegans* behavior
---------------------------------------------

Single-worm tracking was essentially as described previously ([@B73]). Worms were maintained under strictly controlled conditions up until the point of tracking. Animals were staged by picking late L4 animals the evening before tracking. On the day of tracking, animals were transferred to 3.5-cm plates with low-peptone NGM and seeded with 20 μl of *E. coli* OP50 that was allowed to dry for at least 30 min. A 30-min wait was implemented before tracking to allow worms to habituate after being picked and moved to their tracking plate. To ensure sufficient phenotypic sampling, at least 20 young-adult hermaphrodites per strain were filmed for 15 min. The camera magnification was to set between 3.5 and 4.5 μm/pixel (a corresponding field of view of ∼2.5 × 2 mm at 640 × 480 resolution) and the frame rate to 20--30 frames/s to ensure a high-resolution analysis. To avoid potential room conditions that might bias measurement, recording was randomized across multiple trackers. Strains were matched to all wild-type animals (N2) recorded alongside the mutants.
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CEP

:   cephalic

Che

:   chemosensory

EFHC1

:   EF-hand containing 1

FOXO

:   class O forkhead box transcription factor

IFT

:   intraflagellar transport

IGF

:   insulin/insulin-like growth factor

OLQ

:   outer labial quadrant

Osm

:   osmosensory

PACRG

:   parkin coregulated gene

TEM

:   transmission electron microscopy.
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